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A New Performance of the 
"Flying Clock" Experiment 

A new experiment has been made to compare clocks in the 

U.S. and Europe to higher precision. The results will be 

used by the various official agencies of the two continents 

in improving their time synchronization. 
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Fip. I. Ihitn bring logged in Switzerland tit tht 
tone de Neuchatel by A fan s. Bagtej of the -hp 
qttency (md Time Laboratories. Atomic clock m left fore- 
groumi carried time to Switzerland aboard transatlantic 

passenger fJigtit. 



SEE ALSO 
Measuring ths ratio of Csui and Hydrogen, p. 6 
Mont distribution ot a dc itandard *oitoq&. p, 9 



Lhe problem of correlating the time of day at 

widely separated locations with great accuracy 
is i >ne that has absorbed chronologists, navigate urs, 
astronomers and cartographers for hundreds o\ 
years. As vehicles grow faster and the range of 
exploration reaches far into outer space, more 
accurate time determinations become increasingly 
necessary, Precise timing and coordination of 
events far apart may determine the success of 
precise mapping operations, satellite orbital place- 
ment, astronomical observations, or missile land- 
ings. 

In recent years, intercontinental time of day 
comparisons gradually reached an accuracy of 
about one millisecond through u<-v of h-f radio sig- 
nals, the limit being imposed by propagation-time 
uncertainties of high frequency waves, Consider- 
ably higher accuracy is, however, possible. For ex- 
ample, two recent means have emerged to achieve 
intercontinental time of day correlations with 
accuracy of the order of a few microseconds, 

One method has been to fly an accurate clock, 
set precisely to a given time standard, from point 
lint, effectively bringing the time standard to 
each. t.\ S. government experiments have used 
quartz oscillator-driven clocks as well as * "atomic" 
clocks in this manner. In I960, for example* 
Reder. Brown, Winkler, and Bickart, of the l S 
Army Signal Research and Development La bora - 
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Fig. 2. The two atomic clocks being fastened in 

passenger seats aboard airliner, Operating ; 
in flight was supplied by plane. 



lory employed the Bytng clock mcih- 
oil 1 h> achieve synchronization ol 
within about 5 microseconds among 
Pacific Ocean Area stations. In this 
instance, a SC&135 jet tanker, carry- 
ing an atomic dock, Hew the time 
from station to station, 

1 F, Red&r, P. Brown, G. WinkFef, and C. Btckarl, "Ftnat 

Results of a World-Wide Clock Synchronisation Experi- 
ment," Proc. of the 15th Annual Symposium on Fre- 
quency Control , 1961. 



Iii j set and method* Telstar I was 
used as a relay to synchronize 
clocks- between the U. S. and Great 
Britain. An accuracy oi about one 



: J. McA. Sttftte, Vim. Maikomtz, ana C, A. LnJbach, 
Th 1 si h r Time Synchronization" Conference on Prectspnn 
Electromagnetic Measurements, June 23-25, 1964. To be 
pubnshetf in IEEE Transactions on Instrumentation and 
Measurement. 

See ataor Wm. Marfcowit/, "International Frequency and 
Clock Synchronisation," Frequency. Vol. 2, Mo J July 
August, 1964. 



microsecond was achieved between 
these points. 

Recently, engim ers from the Fre- 
quent v and Time Laboratories <>l 
the Hewlett-Packard Company pei 
Eonned the flying clock experiment 
i his time between the I . v 
and continental Europe (Switzer- 
land) using a newly-developed 
atomic frequency standard and 
* \<h k I he equipment successfully 
compared time oi day standards ol 
ilit U.S. with those ol Switzerland 
to an accuracy n\ about one micro- 
second. The equipment was suffi- 
ciently light and small thai it was 
as a "passenger" *m regularly 
scheduled passenger airlines. 

I he — hp— atomic clock became 
available as the result oi the devel- 
opment in tlic — hp— Frequency and 
Time Laboratories oi a new cesium 
beam Erequenc) standard of vet) 
high performance- I he- nru stand- 
ard was to be described in a paper 
at the International Confereni e on 
Chronomctry, a conference held 
every five years at Lausanne* Swit- 
zerland. In ihis way a convenieni 
oppoi tunit) arose on the same jour- 
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Fig. 3. Strip recording made at exhibit associated uith 
International Conference on Chronometry in Lausanne, 



<rhind. Record is of the time difference between the 
domic clocks used in the experiment and is thus a 
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ney 10 use the new standard to < om- 
pare time ul da\ standards in the 
Is and S"w itzei land and also in 
compare the perlorniarn c ul the 
new standard with the mMiuments 
used h\ huih countries for their pri- 
mary frequenc) standard determi- 
nations. 

Two of the new -hp— cesium* 
beam lre<jurin \ standards were 
used. I a< h was < ombined with an 
-hp- Model 1 IfiHR electroni* clock 

wllii }\ Mil -ir.' - Mh r ItlllC liuns, |UM- 

\ iiU-s accurate electrical "ticks' 
from the standard frequent) foi 
comparison purposes. A special 
standby batter) powei supply was 
tn< luded, resulting in a complete 
atomii clock, s 1 1 1 1 1 - the equipmem 
would have to be powered I nun 
whatevei source might !«• al hand, 
the suppl) was designed u* accepi 
j>i>wti from a variet) oJ frequencies 
and voltages, including d< voltages. 
Even an autd < igar4ighter plug was 

\»\u\ ided. 

U preparation foi I he expei i 
ment, two newly -manufa< mud 
standards were carefully checked 
and their tMirlds adjusted to the 



Fig, 4. Panel uiew of one 
of '"atomic*' clocks used in 
experiment. Cesium stand* 
art! in middle drives elec- 
tronic clock (top) which 
integrates standard fre- 
quency and tit so produces 
accurate electrical 
"ticks" based on driving 
frequency. Power supply 
unit at bottom provides for 
operation from a range of 
ac and dc voltages, 
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pi i %{ ribed value. The standards 
were Mien turned on, the lu^i time 
they had evei operated, Measure 
turrits were begun in compare theii 
frequencies In means oi VLF phase 
i omparisons with ihe frequent iesol 
National Bureau ol Standards sta- 
tions WWVL and WWVB at Haul 
t i< i . ( loloi ado* N<> adjustment 
am miii were made on ihe stand- 
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ards, A 12-da) comparison with 
these si.u i« mi showed the frequency 
of the standards to be within 5 parts 
in \iV- of the United States Frc 
t ] i u 1 1 < ) Standard. 

The jil.u i for the experiment was 
first to transport the standards to 
Washington t«> compare theii time 
reading against the official U*S. 
time standards al the 1 S Naval 
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measure the stability of the two drning stand- 
ards, No effort was made to synchronize the 
Standards, While short-term fluctuations of a 
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larger magnitude arc evident, the record skoies 
the standards acre within 2 parts in 10 of one 
another as averaged over the full eriod 
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Observatory. "I In- ikm pan was to 
transport the standards to Switzer- 
land loi a comparison against the 
Swiss i Mih standards and to make 
measurements oi the time of arrival 
i here ol WW A time t irks, ] lu- 
clocks would then be returned to 
NBS station WWV for i iiot com- 
parisons that would permii i ai u 
tai ing propagation i ink I hese 
would include the time oi occur- 
rence ol the WWV ticks and a coin- 
parison againsi WWV clocks, Thi 
standards would next be taken to 
rh< Naval Observatory Eoi a second 
i h(< k there againsi the U. S, mastei 
clock to determine the tolerance on 
the time measurements, 

I ,astly, ,i >to|i would be made ai 
MBS, Boulder, (Join,, to compare 
the standards againsi the long 
cesium-beam standard maintained 
there and i*> make further time 
checks. 

On Friday, June 5, ll*M. the ex- 
periment was begun b\ taking the 
standards to San Francisco Interna- 
tiona] Airpori b\ station wagon. At 
the airport they were placed in pas- 
senger Mats on I regularly-s< bed tiled 
D( 8 Right hound tor Washington, 
D.G. Power was provided during 



Fi£„ r K Frequency comparison 
being made between one stunt I 
ard and thr "long' cesium beam 
standard (foreground) a( the La- 
horatmrc Suisse de Rechervhes 
Horlogeres, NeuchcUelj Switzer- 
land, Thin long standard is t-nn- 
sidcreri one of the world's best 
ce&iu m stan da i d$ , 



the flight by the DC 8s electrical 
system. 

In Washington on June 5, the 
urtiTs were transported to the U.S. 
Naval Observatory ln\ a comparison 
againsi the official l.s. time stand- 
ards. Records were kept ol the ' r >in- 
parison lor Future use. 
SWITZERLAND 

I hai evening, the (locks were 
taken h\ rental staii*»n wagon to 
New York, During this and othei 
ground-transport times throughout 
the trip, the standards operated 
I torn externa] storage batteries or 
from internal batteries while being 
hand-carried. At New York thev 
were placed aboard a regular trans 
at la in it Nigh I. again operating 
from the planes power, I In- nexl 
morning, Saturday, fune 6, the 
standards arrived in Switzerland, 
and were transferred to the Obser 
vatoire de NeuchateL Time oi da) 
comparisons were then made at this 
Swiss observatory, which maintains 
the Swiss national standard, lu ad- 
rt k one standard w.is driven to 
the Laboratoire Suisse de Re- 
then lies Horlogeres Neuehatel for 
a frequency comparison with the 
long cesium-beam standard main- 



tained there. 

\i this time in Neuehatel, data 
were recorded in r.iw Form because 
of tight schedules. Some rime Later, 
however, calculations revealed the 
time difference between Swiss and 
I 1 . S. time ol day standards. Hiis 
had alread) been known, from HF 
radio comparisons, within about a 
millisecond. The comparison made 
with the Hewlett-Packard living 
clocks established the value within 
about one mil rosei ond. 

Late Saturday alterno.ui thi 
standards were taken from Xetr 
(hatel and, alter an overnight stop, 
at lived at the exhibit of the Intel 
national Conference on Chronome- 
try in Lausanne, S wit /n land, on the 
morning oi Sunday, June 7. 

\i noon on Sundaj a ■ hai i re 
cording was begun ol the difference 
between the time "inks'" produced 
In the two standards. This ret out 
was made continuous!) during the 
exhibit in pubiii view until the 
morning oJ Friday, June \2* The 
record, reproduced here, showed 
that the two — hp- standards were 
within L' parts in Km ol each oilier 
is averaged over the lull five days. 
Again, no effort was made ro stand- 
ardize <n synchronize the standards 
before making the record oi ai an\ 
time before or during the whole ex 
perimeiil. 

An opportunity also arose during 
the exhibit to make a high-prei iston 
comparison ol the frequency ol the 
cesium-beam standards with that ol 
a hydrogen maser; this is described 
i accompanying article. 

On Saturday, June IS, the stand- 
ards were returned to the Observa 
tor) in Neuchate] for further meas- 
urements againsi the "long" < esium- 
beam standard, 

The trip, in fact, permitted the 
— top- standards to be compared 
againsi two of ihe best of the world's 
long cesium-beam standards: the 
one in NeuchateJ and, later, that ol 
the U.S. Bureau ol Standards in 
Boulder, Colorado, which is used 
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'.villi * > 1 1 1 r - 1 ,1,1 ml.ti (Is to maintain 
t lit. I v Frequent } Standard, 

Since ihe long-beam standard is 
actual!) located *it the Laboratoire 
Suisse de Recherches Horlogeres 
Neuchatel, a telephone i i 1 1 <.' was 
used in the comparison, fhe -ftp- 
standards were measured as being 
(4,2 L6 10 .nil (-f 6 ■ 5 

. In n 51 H 1 lively, null ] es] h-i ii" 
the long-beam standard, 

UNITED STATES 

< in Monda) morning* June 15, 
the standards were Mown ti> Nt w 
Yink. again as ''passengers" on a 
ti flight, From New York they 
were taken to station WWV ai Belts 
ville, Maryland, arriving earl) oil 
I uesday, June 16, Upon arrival, 
measurements oi the time oj o< < tu 
renceol WWV tim< ti< k^ were made 
to establish the propagation time 
een Neut hatel and \\ \Y\ to 
enable the other time comparisons 
to be made. This imNiMitement 
yielded a propagation time of 23,- 
7<i!» ±;200 microseconds^ the toler- 
ance being main!) ihe uncertainty 
mi establishing die time ol arrival ol 
tit U in Neuchatel Prior to il 
pertment ihe propagation time had 
been estimated ai 22 f 8O0 microsec- 
onds. 

Later I uesday, the standards 
were taken 10 the \;i\;ii Observa- 
cui\ for turihei time checks. On the 
basts >>i these measurements th<- mi- 



Fig. 6. Leonard S. I 
(left), -hp- Frequency and 
Time Laboratories, and Dr. 

Jacques Bonaritimi. direr 
of Ohservatoire de Neu- 
chatel. Switzerland. 




era nee of approximate!) I microsec- 
ond in the correlation between the 
time oi <la\ in the 1 fnited States and 
Switzerland was established. 

In addition, however, measure- 
ments showed that the time kepi h\ 
the -hp- standard was >iill within 
1,5 microseconds ol the time kepi 
by the Naval Qbsei vatory. In terms 
ol frequem y, this measuremenJ 
meant that the -hp- standard was 
within 2 X 10-'- oi the weighted 
mean <»t the standards utilized In 
the Nil v.i I Observafcor) foi theconv 
ple-te period from [une 5 to [une 16, 
I he rime differ on [une 16 

better n station \ tit k% and the 

\ ! 1] Observatory niastei clock was 
»Jso measured, the value being 2597 
microseconds, 

next 11101 ning, Wednest 
[une 17. the standards while operai 



TABLE OF MAJOR CHARACTERISTICS 

-hp- 

Cesium Beam Frequency Standard 

OUTPUT FREQUENCIES: 5 MHz, 1 MHz, and 100 kHz r in A 1 or 

UTj. time scale as specified* 
ACCURACY: ±2 parts in 10^, 

LONG-TERM STABILITY: Wjthin ±1 part in 10^. 
SHORT-TERM STABILITY: RMS Fractional Frequency Deviation 



I 



for 1 second averaging is less 



than 1 part in lO 1 ^ 
NOtSETO-SIGNAL RATIO: At least 87 db below rated 5 Mc out 

put; filter bandwidth is approximately 

125 cps. 
CESIUM BEAM TUBE LIFE: 10,000 hours operating guaranteed. 
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tug on airplane power were flown 
from Washington DC, to Denver, 
Colorado, and then driven l>\ <;n to 
the Bureau of Standards in Boulder. 
( In -. Its were there made against the 
long eesiunvbeam standard 1 c 
to either ;m<L known ;is I I. s. Fre- 
quent \ Standard No. 3, These 
checks showed thai Th> frequency 
ol the two -hp— standards were 
(—3,9 ± 5) - in ; - and [ -2.7 
±:3,5) x IG"* a with respeei to the 
\ BS standard, I In measurements 
based <>n ! I and 45 200-so ond 
samples, respet tiveh Measurements 
wt it ;i!so made ol propagation time 
between Washington and Boulder. 

On Thursday the standards were 
returned to Denver, plat ed aboard .1 
regular airline and operated on air- 
plane power en route to S.m Fran- 
cisco, and fin. ilk taken 10 the -hp- 
Y and T laboratories in l J ;ilo Uto, 

GENERAL 

The experiment i> considered to 
have been high!) successful with the 
following information established 
with an at 1 urat ) rtoi previously 
attained: 

Ihe time ol da) u.is . orre- 
tated in Switzerland with thai of the 

d States t<> an accural 
about one roii rosecond, 

,l>. The propagation time be- 
station \V\V\' and Neuchatel 
w.t> measured to .1 tolerance •»! 
about 200 inn roset onds, 

01 I he two -hp— standards v. 
t ompared with two well-known long 
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A MEASUREMENT OF THE RATIO OF THE ZERO-FIELD 
HYPERFINE SPLITTINGS OF CESIUM 133 AND HYDROGEN 



During the recent international Conference on Chro- 
nometry in Lausanne, Switzerland, an opportunity arose 
to make a high precis ion measurement of the ratio of 
the frequencies of a hydrogen maser and a cesium 
beam frequency standard. This ratio is of special inter 
est, since it permits calculating the ratio between two 
fundamental constants of nature: the hyperfine transi 
tion frequencies of hydrogen and cesium atoms. These 
transitions are quantum-mechanical effects in which 
the hydrogen and cesium atoms change their energy 
levels and presumably produce invariant frequencies of 
1420.405 MHz (Mc) for hydrogen and 9192,631 
MHz for cesium. While this ratio has been measured 



before, it was realized by Dr, Jacques Bonanomi of the 
Observatoire de Neuchatel that the equipment was at 
hand dunng the exhibit associated with the Conference 
to make this measurement to a higher precision than 
had previously been done. The following account by 
Leonard S. Cutler of the — hp— Laboratories is thus be 
lieved to present this ratio to a new precision. A few 
days after this measurement, a similar measurement 
by others was made with much the same results against 
the long cesium- beam standard at La borate! re Suisse 
de Recherches Horlogeres Neuchatei as noted below in 
footnote 2. 

— Editor 



J. hi ratio "I the hyperfine splir- 
of cesium 133 and hydrogen, 

— , has been measured by comparx- 
I'ti i 

son ul the frccjueiKv ul a Hew- 
lett-Packard 50h!lA Cesium Beam 
Fu<|uein\ Standard with thai of a 
Varian HI I) Hydrogen Masei I m 
1 shows .i block diagram of the ^^ 
tein used in the comparison. 

The zero-field hyperfine splitting 
for i esiurii 133 i^ taken to be exactly 
9,192*681, 770.0 lien/ (rps) in ai 
cord w Jili the A-l lime stale. The 
5060A Cesium Standard ie»ed in the 
measurement includes a synthesizer 
which provides output frequencies 
of S.0, Lu\ ami u.l megahertz in a 
uniform time stale which approxi- 
mates l r 1-2. By present interna- 
tional agreement frequencies in this 
time s< ale are offset — 150 x 10 ] ° 
from those in the A-l time scale. 
Consequently the5060A Erequem les 
as measured in the A-l time scale 
are 5.0(1— 150 X 1<> ] > megahertz, 
eu. In all the calculations we will 
use the 5060A time srale and con 
vert to A-l lime stale. 

The -hp- 5100A/51 10A Synthe- 
sizer, the Gertseh FM-4 Multiplier 
and all the associated equipment 
are used to produce a difference 
frequency which is translated to 
about 200 kHz and whit h is 



uniquely related to the frequetn ies 
r, :md i ■- of the 506OA Cesium Stand 
ard ami the H-1.0 Hydrogen Masei 
The-^p-5090A Droitwich Receive] 

was used as a narrow-band phase- 
locked oscillatot which divides the 
2(10 kHz input, ■— t : . 1>\ two- The 
resulting I0M k}l/ is measured with 
a 1000-second averaging time lj ^ 
using the -hp- 5245L ami 52 ML 
Counters to measure the time lor 
10* periods u> occur. Ten readings 
taken over a period <>l slightly less 
than three hours are shown in 
fable I along with the mean, the 
standard deviation, and the stand- 
ard deviation of the mean The 
standard deviation ol the mean pi 
.78 corresponds to 1.1 ;< U) 1 -' ior 
the statistical uncertainty in the 
measurement oi the hydrogen Ere 
tjuenn in terms ol the cesium fre- 
quency. The zt one count ermi in 
'hi counter is negligible here. 
Referring to Fi^. I. it can be seen 

that 

2 * In 

10 , .- [50K - mi- " — 

N 

K— 9,53737182 
= ! 420,6057730000 

2 ,v In 

99,999,992.1 ■ ,78 
= 1420,6057730000 

- 50Q0000159 

± ,0000000016 



oi , =1420405772.9841 ± Jirnii Hz. 
c inverting to A I . 

_ l - 1420405772.9842 ■ 

(l-L&X { " -) 

— L42040575L6780 £ OilMiHz. 

This measured frequent) musT 
ha\ e | he t orre* i ions applied lor 
magnetic field, second order doppler 
shift, ami wall shifi as giwn iti 
[able 2, I hese corrections must be 
subtracted to obtain the final result: 

i ir — i- — 2av 

- 1420405751,6780 

± .0016-f .1032Hst, 

R' lunding oft 

ni = I 120405751.781 ■ .OOSlfc. 

11 zt 1 ■ LO " is allowed lor error 
in the Cesium Standard and h , 
10 n tor error in the Hydi 
Maser (independent measurements 
on both the Cesium Standards and 
Hydrogen Masers indicate these ate 
conservative error estimates), the 
final result, combining the errors as 
random, is: 

v H = 1420405751,78] ± oihH/ 

iu the A-l time 5 
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Tin well with the u-uihs 

quoted h 1 * if- If irvard group 1 and 
the \< lit hatel group. 2 

■ S, B, Cramjrton, D, Kteppntr, and N. F. Ramsey. PJ»ys, 
Ret. Utters 11, 338 . 

J Labomtoire Suisse d& Ret heft He* Horlcgeres N 
Report No 08-* I 

TABLE I 



The ratio desired is: 
9192631770 



These measurements were made 

;it the International ' H e CHI 

Ch Tonometry hold in Lausanne, 
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l^z == ' "'" " 1' ' ' - — f] h I I v 10 
v„ l420405751J8r Switzerland, on June 10, 1964, In 

J. Bojianomi recognised the 

—6.471 855 078 444(1 + II > Hi ), bilit) and made the suggestion thai 

the measurement i ould be done and 

wmmIiI be useful. Partii ipants in the 

measurement were Dr. |. Hollowa) 

and II. Peiois ol Varian 

and V Bagle) and the undersigned 

ol Hewlett-Pa< kard. 

nard S, (littler 



X = 10"— A = 99^ MJ/.H>^1 ~ Mean ol ic ti readings 



_?_ 2.47 



f68,5 - T.LMI 
- 2.17 El Standard deviation 

.7H = Standard <!r\ lation <»l the moan 







TABLE 2 
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• Data supplied Ij\ Varian Assoi 
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Pig, I Block diagram of equipment arrangement 

to measure rath af output frequencies ol Cesium 

Beam Frequency Standard and Hydrogen Ataser. 
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FLYING CLOCKS {from p. *> 




Q Q O 



Fi^. 7. Front view of Cesium Beam Frequency 
Standard. Cesium beam standards utilize a qimn 
tum-meehanieal effect to produee ultra- stable 
frequences. Two standards acre combined with 
electronic ctoefss and power supplies to form an 
"atomic" clock with stabilities of a few parts in 10". 

cesium-beam standards ;m<l found synchronization by the various agen- 

to be in agreement with them with- cies in the United States and In- 

in a few [Kins in ]0'-\ the second rope* 

series -ol measurements being made The standards operated withoul 

alter a trip <<i ten thousand miles flaw for the lull trip, although one 

and an elapsed time of some 1 3 days, associated circuit suffered an eiec- 

(d) The two -hp- standards tronics failure and momentary toss 
agreed with one another within a ofpower. This invalidated the clock 
lew parts in I0 ! after the lull trip, reading of that unit Imi did no! ;d 

(e) A measurement to high pre- feci theaceuracy -of the cesium-beam 
cistern was made to compare the foe- tube, as indicated b) ihe {m.il he 
quencies of a hydrogen maser and a quency readings made hi NHS. 
cesium beam standard. Boulder 

(f) Lastly, it is understood that Man) people contributed genera 
the results ol the time measure- otisl) ol their efforts to the experi- 
ments will be used to obtain better ineiu. These include Dr, George I 



Hudson. David Allen, and [aim 
Barnes <>l i In- Bureau ol Standards, 
Boulder; Dr. Win. .Nhnkmvii/ and 
c \ I tdba.dk ol the is, Naval Ob- 
servatory, Washington; In. Jacques 
Ban a norm, Oh e< toi ol the < >l> 
servatoire tie Neuchatel; and In 
k.«i tasi boll n\ the Laboratoire 
Suisse de Rer hen lies Hoiiog) 
\eu( ban I La I hare \ Bodily ol 
the — hp— Frequem \ and Time Divi- 
sion iikmIl' man) measurements <»n 

the Washing -to-Palo \Im ppr* 

lion »>i tin- expei intent Vppre< i;< 
i J r > 1 1 is expressed to — np— '*> r'le- 
quenev Standard (inmp in prepar- 
ing the equipment needed for the 
r \| in imeni. 

Special thanks are also given to 
the people ol United Air Lines arid 
Swissair who made the needed ar- 
rangements. 

— Alan v Bagley and 
i t onard V ( utle* 



Copies of the paper, "A Modern Solid State 
Portable Cesium Beam Frequency Standard," 
presented to the International Conference on 
Chronometry, are available from the editor, 
Hewlett-Packard Journal 
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PLANT DISTRIBUTION 
OF A ONE-VOLT DC STANDARD 

DC test voltages accurate to within ±10 microvolts for 
calibrating precision digital voltmeters are supplied 
to production lines by a dc voltage distribution system. 



D 



igital voltmeter accuracy his 
Unproved iu the point thai Iabora 
tor) precision is ;i necessity during 
final production thecknui of ihe>e 
insti uments. Voltage sources for pro- 
duf tion line t he, kout now musi 
have accuracies thai are within 
about in parts per million il the) 
are to be sufficiently more accurate 
tlun the voltmeters themselves. Jo 
maintain voltages oi this accuracy 



n test stations on the DY-240IB 
Digital Vultmetet production line, 
i lit* Dymei Division ol Hewlett- 
I'.k k;ml has developed a high!) pre* 
list' reference voltage distribution 
system thai K'»l particular interest. 
\ separate voltage source on eai h 
production line in satisfactory so 
long as the voltage sources nirc an 
ordei of magnitude more accurate 
th. in the voltmeter specifications. 



Willi aa unties <>! 10 parts per mil- 
lion now being called lm, however* 
the maintenance ol separate voltage 
standards on the production line 
becomes difficult. Loading prob- 
lems, temperature variations, and 
othei variables in normal day-to<lay 
handling M affei t ihe acx um* \ ol 
lughlv precise voltage standards. 

lb overcome these problems, the 
technique of distributing ;» single 




Fig. 1. Standard voltage distribution system makes high accuracy 

standard voltages mailable to each test station on digital voltmeter 

production line. 
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&ig. % Block diagram &f / r driving sourer of standard 
voltage distribution system. 



reference through cibles was bor- 
rowed From the widely-used method 
ol distributing standard fretjuen- 
< irs. With such ri distribution svs- 
ti mi all test stations < an be supplied 
lioni a single hjgfi-prei ision voltage 
standard which is maintained with 
in the controlled environment <>\ <i 
standards laboi atpi \ , 

Successful operation ol sui li a s\s- 
tem requires assurance thai voltage 
accuracy is not degraded b) the 
distribution system, This assurance 



was made possible l>y the Dymec 
2460A DC Amplifiers^ which are 
used as the distribution amplifiers, 
The 2460A amplifiers are bighl) 
stable operational amplifiers thai 
thih less than 1 n\ week .u .1 con- 
sr;ini temperature and have ■» rem 
perature coefficient ■ »( nnlv 0.5 
r \ 1. referred to ihe input slum 
ming point. These amplifiers, when 

1 Robert J, stuhtow, lr A Solid- State Operational Arnph- 
f m Of High Stability" Hewlett- Packard Journal, Vol, 14, 
No. 3-1, Nov, Dec. I%2. 



used with the isolation plug-in feed- 
back network thai provides a gain 
df +1 (the Dymec Ml gain unit), 
have an output impedance ol If >s 
than r>(> millidhms. Loading "I the 
distribution lines therefore has neg- 
ligible ellei t u pc mi the amplifier <>ur 
pur voltage. M the same Lime, the 
amplifier input impedance is ova 
10,000 megohms. The amplifiers 
therefore do not load the nominal 
8,000 ohm impedance oi the zenei 
diode voltage reference sources. 



% 



* t 



2 7 12 9,? 



1 ^ $ 



& 



f 



Fig. 3. Dymec Model 2401 B Integrating Digital Voltmeter has internal calibra- 
tion source Wtih stability of 0*0/% per six month period to match voitnu *ier B 
high accuracy. Programmable voltmeter has far ranges, from *G.l to ±10QQv 
full scale, with $00% overrunning on four most sensitive ranges for increased 
resolution and sensitivity on t-tO-3 readings,, Guarded, floating input provides 
high common mode noise rejection: integrating operation averages out superim- 
posed noise and completely eliminates effect of power I me hum to retain high 
accuracy in presence of noise. Overall instrument eumtnon-mode rejection is 
140 dh (10 million to I } at all frequencies, including dc. 

• 10 • 



)Copr. 1949-1998 Hewlett-Packard Co. 





Fig. 4. Standard voltage driving source is installed in nm- 
trotled environment in standards laboratory 



THE DISTRIBUTION SYSTEM 

The complete reference voltage 
distribution system is shown in the 
block diagram oi lig. I. Both +1 
voir and I \oh leferemes are sup- 
plied to the usi stations through 
conductors in steel electrical con- 
duit 

The resistance of the conductors 
wis recognized as a possible source 
oi inaccuracies, 1 oop resistance oi 
either channel to (be most remote 
out let, however, w,h tound in he 
onl) about 0,2 ohm, I li is means 
L5 man) as 10 0Y-24OJB Digi- 
i 1 1 Voltmeters (on the I -volt range) 
connected in parallel to the system 
[oi simultaneous testing would not 
affect i he voltage at ilie output ter- 
minals b\ even ;is unit h as 0*0008%- 

TKermal voltagi b< ■< k arid 

I horn son effe< is) in the di 
system have hi en Found to be negli- 
gibly small. In cha k this, the stanch 
ard was disconnei ted. the Lines were 
short-circuited at the supph end, 
and t fie voltage measurements were 
made at several places in the test 
area. The measurements showed all 
thermal and galvani< voltages to be 
less than 2 tni< ro volts. I he u.ntfoi m 



temperature of the air-conditioned 
plant undoubtedly helps to keep 
litis figure low. 

System capa< itance was measured 
and found to be neai .008 micro 
l.ii. ids. This distributed capaci- 
tance, along with the shielding pn> 
vided by the steel conduit, holds 
iiansieui effiet is and pii kup noise to 
negligible levels. Furthermore, to 
eliminate ground loops, the neutral 
wire is connected to the ground 
point nnk ac the distribution box 
Incited in the Dyme< Standards 
La bora to] v . 

OVERLOAD DETECTOR 

System performance is monitored 
continuous!) f>\ an overload detec- 

I fie + 1 \ and I \ amplifier 

outputs .ire connected together 
through a pair ol equal-value resis- 
tors, as shown in the block diagram. 
summing point ai the resistoi 
[unction i^ ,i i ground potential 
when both vi references are 

operating satisfactorily. Should 
either rekrence voltage change, be- 
< ause "I a« cidenta] shoi is or ground 
loops or equipment malfunctions, 
the summing poini voltage moves 



nlf the ground, and this voltage 
change is amplified by another d* 
amplifier which in turn drives the 
overload resei i in uit, t in uii pa- 
rameters are such thai a 10-micro- 
voli change in either reference 
voltage with respe( t to the otlu 
tivates the overload relay. 1 he relay 
disconnects the amplifiers from the 
laboratory refer erne and illumi- 
nates an overload indicator. A ther- 
mal dela) then restores system op 
era t ion after one minute, unless the 
fault rein. i ins, 

STABLE REFERENCE SOURCES 

I In i.:: trine voltages are sup 
plied b\ 3-stage zenei stabilized 
voltage dividers driven l>\ a 16-voli 
regulated voltage supply, 1 he di- 
viders empfoA selected zenei diodes 
of the same tvpe used in the I -volt 
reference ol the Dymei -HUH Digi- 
tal Voltmeters. These diodes are 
low temperature coefficient devices 

dial ha\e her 1 1 aged foi apprOXI- 

mate I) 1,000 hours. During aging, 
diode breakdown voltages are moni- 
tored to determine the degree of 
voltage stability foi selection pur- 
poses. 



l l 
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Fig. 5. Graph plots voltage at resistive summation point 
between + Id and — Iv outputs to show stability of stand 
ard voltage system during typical working day. Chart 
scale is 20 fw from edge to edge. System overload trips 



whenever voltage moves ± 10 ) f v from center of vhart, 

Qi if load shown at 10:5(1 am urns caused by ground loop 

formed when guard shield of voltmeter under test was 

accidentally shorted to chassis ground. 



The resistors in the /enei diode The reference volumes ar the 

reference also have low temperature amplifier outputs are calibrated 



< orihe i < ■ 1 1 r s ,,nd |]ka wnr Agci] aril 
licially to achieve stability. Anv re 
sidual long term drift can be cor- 
rected by small untuning resistors 
in the output circuit and the ton 



ikiih in i resolution <*! bettei than 
zt 1 microvolt against a standard 
eel] in the Byme< Standards Lab- 
oratory. The standard cell !ikr^iN< 
is calibrated dailv against a bank 



trolled temperature of the Dymcc ol saturated cells which are traci 

Standards Laboratory further mini- able dire< i\\ m NIiS t 
mi/cs temperature effects, The max- With the EretjuenJ calibration, 

imum output voltage deviation and the inherent r long term stabil- 

caused by component drift has been ity of the entire system, overall at- 

found to be less than ;J mitjovolts cura<\ of die Dymet: l-volt disirib~ 

over a one-month interval, uted standard during normal usage 



is well within da slated design goal 
of ±1(1 PPM. 

ACKNOWLEDGMENTS 

I he original design of i h is s\% 

tern was conceived by Bale E Ride- 
riniir. Wiring, Assembly and [est 
Manager, and Cieorge Brown, Engi- 
neer. I he overload detection ami 
j esc i circuitry was developed 1>\ 
James L. Robertson. Senior Test In 

-Rtchard Bean 
Dymei Quality 

Vsstn am e Manager 



High 



INPUT 




Low 



"I 

OUTPUT 



Fig. 6, Equivalent circuit of Dymec 2460A Amplifier with isolation 
plug in (M4), Plug-in concerts amplifier tu 'amplifier -follower': analo- 
gous to cathode-follower, with exceptionally high input impedance and 
very low output impedance. Any change of voltage e results in equiva- 
lent generator voltage change of ^Ae* sa that amplifier 'Common' bus 
follows input voltage closely. Resistor J?,, therefore draws negligible 
current and appears to he greater than 10,000 Megohms to input. 
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